Patterned vacancy clusters (or nanoholes) can modify the electronic structure of graphene, and thereby generate entirely new functionalities. Knowledge of the relative stability of various nanoholes and associated properties is essential for the rational design and fabrication of practical devices. Extensive first-principles results reveal remarkable stability in certain ring configurations, as well as modified triangular and hexagonal vacancy configurations. The identified magic numbers of vacancies are 2, 4, 6, 28, 39, 42, 52, and 60. A large number of the nanoholes exhibit magnetic states with diverse energy band-gap values. Some large nanoholes possess nonzero net moments in all possible magnetic solutions, showing that the corresponding magnetization is robust against thermal fluctuation. Room-temperature ferromagnetism in graphene (and graphite) can be attributed to the local ferri-or ferromagnetism in large nanoholes, which can be created under irradiation and chemical treatment. Nanohole-induced, stable magnetic-semiconducting graphene is expected to be useful in graphene-based spintronics.
I. INTRODUCTION
Graphene-based materials have attracted great attention since the successful isolation of graphene in 2004.
1 Pure graphene, an atomically thin layer of sp 2 hybridized carbon, exhibits truly spectacular structural, mechanical, electronic, thermal, and possibly magnetic properties, and these hold promise for a vast range of nanotechnologies.
2-4 However, the presence and evolution of atomic-scale defects, 5, 6 such as vacancies, has profound and often undesirable consequences on the mechanical 7 and transport properties. [8] [9] [10] [11] On the other hand, as in conventional semiconductors, 12 the selective introduction of particular defects can be used to modify the electronic properties in graphene and related materials. One of the most important types of defects is atomic vacancies, which have been proposed as host sites of functional groups and catalytic sites. 13 Regularly spaced holes (antidots) are also proposed for electron-spin qubits. 14 Currently there is a surge in the attempts to use patterned vacancies (nanomeshes) into extended structures to achieve entirely new properties in graphene-based materials, particularly for band-gap engineering-changing the semimetal graphene to be semiconducting [15] [16] [17] [18] [19] [20] or a metallic wire. 21 Emerging information indicates that the resulting properties are sensitive to the local size, shape, and structure or architecture of the nanoholes. Precise atomic-fabrication techniques will be needed to achieve targeted properties; however, even then, the edge atoms of nanoholes may undergo rearrangement and reconstruction, changing the local architecture and therefore the associated electronic properties. 6, 22 Hence, a systematic study of the stability of various nanoholes and their associated properties represents a crucial step toward understanding and expanding the graphene materials for potential applications.
Vacancies are also intimately associated with carbon magnetism, [23] [24] [25] which is an unexpected combination of small magnetization and high Curie temperatures (T C ) that are considered to be intrinsic 26 and due to vacancies, such as those that are induced by electron or ion irradiation in graphite. 24, [26] [27] [28] [29] [30] [31] [32] Recently, room-temperature ferromagnetism (RTFM) was observed in graphene prepared by the chemical preparation method, 33 which is believed to include a significant amount of topological defects, including nanosized hole regions. 34 The possibility of magnetism in pure carbon systems is of fundamental and technological importance. Because of the small spin-orbit coupling, long spin scattering length, and ballistic transport characteristics, the possibility of magnetic graphene provides a great arena to develop the spin-polarized devices. 35 Theoretically, while local magnetism in graphene sheets has been well established, 23, 36, 37 there remains substantial uncertainty concerning the defect structures and how these defects interact to result in a strong ferromagnetism with high T C . Most theoretical attempts to explain the origin of the RTFM have focused on the interaction between single or some specific vacancy clusters, [38] [39] [40] [41] usually containing hydrogen atoms in the graphene lattice. 23, 36, [39] [40] [41] [42] [43] [44] [45] [46] These models explicitly require a high vacancy density so as to exceed the percolation threshold for a collective ferromagnetism. 47 We argue, however, that these scenarios may be unlikely due to the high formation energy of single carbon vacancy and low stability of some proposed specific vacancy clusters-an issue highlighted in defect-induced magnetism in oxides. 48 Indeed, Vozmediano et al. 49 concluded that T C , assuming a random distribution of single local moments, is as low as 1 K. Under irradiation, the density of the defect will increase. However, we argue, and demonstrate below, that this will more likely create large vacancy clusters, or nanosized void regions (nanoholes), as was observed in experiments. 22, 34, 50 Another mechanism of magnetic carbon concerns edge-induced (particularly the zigzag edge) magnetism in graphene nanostructures [51] [52] [53] (such as ribbons, flakes, and islands). However, the magnetic interaction is typically rather weak. Recently, it has been argued that magnetic edge states in zigzag-edge graphene nanoribbons might not exist or might not be stable at room temperature in real systems. 54 So the question remains open: Is it possible to realize RTFM in pure carbon systems?
The motivation behind this paper is twofold: First, through comprehensive total energy calculations, this work aims to unravel the structures and energetics of various differentsized graphene nanoholes. In particular, by comparing the formation energies and dissociate energies, we aim to identify the stable nanohole architectures-certain magic numbers of vacancies-that can impart novel and technologically significant properties. Second, this work reports a scenario of native magnetism in graphene (and graphite). Our results show that the size of the multivacancy tends to increase to form large nanoholes, as observed in experiments under irradiation or chemical treatment. 22, 34 We attribute the experimentally reported RTFM to the ferri-or ferromagnetic large nanoholes, which also exhibit diverse band-gap values in graphene. The combination of tunable semiconductivity and strong ferromagnetism in patterned or nanostructured graphene would present new opportunities in spintronics.
II. MODEL
We performed all-electron, spin-polarized density functional theory (DFT) calculations using the generalized gradient approximation 55 with the periodic DMOL 3 code. 56 The wave functions were expanded in terms of a double-numerical quality, localized basis set with a real-space cutoff of 9 bohr. Polarization functions and scalar-relativistic corrections were incorporated. Single-layer graphene was simulated using a large supercell of 288 atoms (a = 29.64, b = 25.64, and c = 22.55Å). Reciprocal-space k-point meshes of 1 × 1 × 2 were used. We allowed full atomic relaxation where the forces on the atoms were less than 0.005 eV/Å.
Although hydrogenation is proposed to enhance the magnetism, 36, 44, 46 to address the possibility of pure-carbon magnetism, we did not saturate the dangling bonds with hydrogen atoms. Such a choice was further inspired by the experimental finding that the edge atoms of nanoholes were not terminated by hydrogen or other functional groups. 22 For a given-sized nanohole, several geometrical configurations were considered to determine the most stable structure. Moreover, for each structure, the subtle competition between paramagnetic, ferromagnetic, and various ferrimagnetic or antiferromagnetic states was carefully examined.
We used unified quantities, i.e., the formation energy and dissociation energy, to evaluate the relative stability of different nanoholes. The formation energy E f is calculated as
where E d and E p are the total energies of the defective and perfect graphene supercell, respectively. μ C is the chemical potential of the carbon atom, which is determined using relaxed graphite. n is the number of carbon vacancy, i.e., the size of the nanohole. The dissociation energy of the n-site vacancy is defined in two ways, 57 i.e.,
where E f (n) is the formation energy of the n-site vacancy. 
III. RESULTS AND DISCUSSION
We present some selected nanohole structures in Fig. 1 , while all the unrelaxed and relaxed structures considered in this study are shown in Supplemental Fig. 1S . 58 Energy minimization causes significant atomic reconstruction to reduce the number of dangling bonds, and hence the total energies. A general feature is that a hexagon missing one atom tends to undergo edge closure, which is in good agreement with electron microscopy 6, 22 and theoretical calculations for small vacancy clusters. 19, 57, 59 To obtain the dissociation energies, we emphasize that it is essential to consider the growth pathways of the nanoholes, which are constructed by a bottom-up approach, as detailed in Supplemental Fig. 2S . 60 The governing rules for these pathways are following structural similarity and lowest energy. The calculated formation energy per vacancy and the dissociation energies (D 1 and D 2 ) are charted as a function of nanohole size in Figs. 2 and 3, respectively.
From Fig. 2 , the formation energy per vacancy decreases as the nanohole size increases, changing from ∼7.5 eV for 1A to ∼0.84 eV for 60A. Interestingly, several local minima exist in the vicinity of, e.g., n = 4 and 28. For a given n-sized nanohole, we confirm that compact hole structures are likely to be energetically favorable. Clustering of the vacancies minimizes the number of dangling bonds and hence reduces total energy. A high-energy barrier (∼7.49 eV) 61 will greatly limit the mobility of vacancies in a graphene sheet, which means it is unlikely that nanoholes are formed through the coalescence of monovacancies. On the other hand, the continuous decrease in formation energy with nanohole size indicates that it gets progressively easier to remove edge carbon atoms and so grow the nanoholes under irradiation. Our results suggest that irradiation will more likely create large nanoholes rather than increase the density of single or small defects. We believe this explains the formation of the large nanoholes observed experimentally following irradiation 22 or in chemically derived graphene. 34 Consider that for a given hole structure, D 1 (n) corresponds to the dissociation into the (n − 1)-site vacancy and monovacancy, while D 2 (n) corresponds to the dissociation into the (n + 1)-site and (n − 1)-site vacancies. As such, in Fig. 3 , D 1 (n) values are always positive, demonstrating the stability of the nanoholes against vacancy separation. By definition, D 2 (n) = D 1 (n) − D 1 (n + 1), and thus a large, positive D 2 (n) value indicates the stability of a vacancy cluster against further growth. Together, D 1 (n) and D 2 (n) reveal the relative stability of a nanohole against changes in size. Here, we impose three selection criteria for a magic number: (i) a large D 1 (n) value of over 7 eV, (ii) a large D 2 (n) value of approximately 1.0 eV, and (iii) the most energetically favorable configuration for a given n to stabilize the shape of a nanohole. From Fig. 2 , it is evident that there exist some special structures possessing a high degree of stability: the magic numbers n = 2, 4, 6, 28, 39, 42, 52, and 60. The predicted stable nanoholes are shown in Fig. 1 . Due to the arbitrariness of the criteria involved, it should be noted that some other configurations, such as 33A, 46A, and 48A, also possess relatively high stability.
Evidently, D 1 and D 2 show rather different trend behavior, which differs from that in Ref. 57 , even though our energetically favorable structures for n =1-8 are in agreement with those therein. It should be noted that in Ref. 57 , only one structural configuration was considered for a given-sized vacancy cluster, up to n = 8. Moreover, the spin-polarization effect was not considered. The three small vacancy clusters 2A, 4A, and 6A (see Fig. 3 ) are the only geometries whereby each atom maintains a planar sp 2 configuration. The frequently studied triangular structures with n = m 2 , where m is an integer, were found to be less stable, particularly for the large nanoholes 25B, 36B, and 49A (see Fig. 1 ), with D 1 (n) ∼ 6.6 eV, and D 2 (n) ∼ −1.7 eV. Importantly, introducing an extra vacancy in the middle, which is the energetically preferred site, of each zigzag edge greatly enhances the stability, giving D 1 (n) ∼ 8.2 eV and respective D 2 (n) values of 2.86, 1.87, and 1.76 eV for 28A, 39A, and 52A (see Fig. 3 ). Based on this, the modified larger triangular structures with n = m 2 + 3 are predicted to be stable. This finding seems in line with experimental observations showing that the zigzag edges of graphene nanoholes tend to accommodate extra vacancies. 22 An alternative, though less efficient, way to enhance the stability of triangular patterns is to add one carbon atom (or eliminate one vacancy) at each corner. The resultant 22A, 33A, and 46A structures (see Fig. 1 ) have almost unchanged D 1 (n) values (∼6.6 eV), but larger D 2 (n) values (∼0.2 eV). Similarly, the perfect hexagons with n = 6 × m 2 , corresponding to 6B, 24A, and 54A (see Fig. 1 ), possess low stabilities with D 1 (n) ∼ 6.5 eV and respective D 2 (n) values of −0.45, 0.038, and −1.09 eV. By introducing three vacancies at each zigzag side of 24A (or one at each side of 54A), the resultant 42A ring structure (or 60A) has significantly enhanced stability, with D 1 (n) ∼ 7.9 eV and D 2 (n) ∼ 1.0 eV. Our results show that changing hexagons to ringlike patterns is an effective route to enhance the stability of larger nanoholes, such as n = 96 and 150. Overall, our results show that long zigzag edges tend to lower the stability of nanoholes. Stable structures are those with hexagonal outer edges, except 39A.
A critical finding is that magnetism and semiconductivity coexist for a large number of configurations. Figure 4 demonstrates the diversity of the calculated net magnetic moments and band-gap values. Not surprisingly, configurations 2A, 4A, and 6A, with fully sp 2 -bonded atoms, are nonmagnetic. Consistent with the observation that armchair-edged graphene ribbons are nonmagnetic, 19 so too are the armchair-edged ring structures 12A, 19A, 28A, 48A, and 60A (see Fig. 1 ). All the other configurations studied are magnetic. As expected, local atomic moments (about 0.9-1. edge results in a local suppression of magnetism in configurations 26B, 38A, and 55A (see Fig. 1 ), as was reported for nanoribbons. 62 Interestingly, such local suppression may actually increase the total magnetic moments, as found in 26B and 55A.
A theoretical basis for long-range RTFM in pure carbon has yet to be unambiguously established. Percolation theory 63 sets a strict condition for a magnetic ground state of diluted systems: the concentration of magnetic impurity should exceed the percolation threshold for a collective magnetism. On the other hand, the strong magnetism within large nanoholes enables us to propose an alternative mechanism: namely, the observed strong ferromagnetism originates from the local magnetism induced by the nanoholes. In such a scenario, a stringent requirement concerns the size of the magnetic center; namely, the threshold for remanent, saturation magnetization, and hysteresis is a few nanometers, 47 which can be readily achieved in irradiated and chemically prepared graphene samples. 22, 34 Small isolated magnetic regions only contribute to paramagnetism.
Another important question then arises: What is the origin of the observed high T C ? We address this by considering configurations 22A and 37A as examples, as illustrated in Fig. 5 . Each nanohole possesses several low-lying and energetically competitive magnetic solutions, most of which have nonzero net spin moments. All of these magnetic states are much lower in energy than the corresponding nonmagnetic state (by ∼1.9-2.1 eV for 22A and by ∼2.2-2.7 eV for 37A). The energetics between different magnetic solutions for various nanoholes are listed in Table I . For some large nanoholes, such as 37A, all the magnetic solutions possess nonzero net magnetic moment. This means the resulted magnetization can be partially frustrated yet extremely robust against thermal fluctuation. These high stabilization energies driven by magnetic interaction (the energy difference between magnetic and nonmagnetic states) within large nanoholes explicitly imply high transition temperature in the magnetization-temperature curve, which we attribute to the experimentally observed high T C . The local nature of RTFM is in line with the experimental suggestion that only a small fraction (∼0.2%) of carbon atoms contributed to the weak magnetization. 33 This alternative and simple mechanism for carbon-based RTFM does not require other chemical species, and avoids the challenging requirements for distant yet strong interactions between magnetic centers. This scenario could also apply to graphite and other diluted magnetic systems. 64, 65 Indeed, locally accumulated, two-dimensional networks of vacancies were attributed to the RTFM in graphite. 25 It is interesting to note, as shown in Table I , that for a large number of the configurations studied, there exists a significant conflict between the presently calculated magnetic moments and those predicted on the basis of Liebs theorem, 66 which is a nearest-neighbor Hubbard model, and the lattice relaxation effects are not considered therein. We note this derivation holds true even for some unrelaxed structures, such as triangular nanoholes (see Table I ). Such a conclusion is supported by the results in Ref. 19 . These results demonstrate that a full quantum-mechanical treatment is necessary to achieve a complete, self-consistent understanding of the magnetic structures of the nanoholes in graphene. Structure (N A , N B ) The presence of nanoholes also disrupts the sublattice symmetry of graphene and opens a semiconducting gap at the Fermi edge, 19, 67 which can be controlled by varying the defect concentration. 15 Our results further confirm the feasibility of band-gap engineering in graphene through designed nanoholes, as shown in Fig. 4(b) . Larger holes tend to exhibit larger band gaps. However, the band-gap values are also sensitive to the shape of the nanoholes. Thus, our results constitute a useful database for the selective band-gap engineering in graphene. To this end, further progress in this endeavor will require novel manufacturing techniques 15 that allow control over nanohole architecture and edge configuration with atomic precision.
Stable hole structures are required for virtually all devices that incorporate nanoholes, including nanomeshes, 15 antidots, 14, 18 metallic wire, 21 and host sites of functional groups and catalytic sites. 13 Thus, our finding of the stable structures with diverse properties will enable the rational design of long-lasting devices using nanoholes as the building blocks. More importantly, the integration of magnetism and semiconductivity is a key requirement for semiconductor spintronics. 68 Here, the nanohole-induced, tunable magneticsemiconducting behavior may present a crucial step toward graphene-based spintronics. 35, 69 
IV. CONCLUSION
To summarize, extensive first-principles calculations reveal that irradiation tend to lead to the formation of large nanoholes, as observed in experiments. Ring structures and modified triangular and hexagonal nanoholes containing extra vacancies at the zigzag edge possess high stability; the magic numbers are 2, 4, 6, 28, 39, 42, 52, and 60. A large number of the nanoholes exhibit a magnetic state with a finite-energy band gap. We attribute the observed RTFM to the strong local ferri-or ferromagnetic nanoholes. Such a mechanism does not rely on external agencies. The combination of tunable semiconducting behavior and strong ferromagnetism shows promise for practical graphene-based spintronic applications through nanohole engineering in graphene.
